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The Metathesaurus of the UMLS was created by integrating various source terminologies. The inter-con-
cept relationships were either integrated into the UMLS from the source terminologies or specially gen-
erated. Due to the extensive size and inherent complexity of the Metathesaurus, the accidental omission
of some hierarchical relationships was inevitable. We present a recursive procedure which allows a
human expert, with the support of an algorithm, to locate missing hierarchical relationships. The proce-
dure starts with a group of concepts with exactly the same (correct) semantic type assignments. It then
partitions the concepts, based on child-of hierarchical relationships, into smaller, singly rooted, hierarchi-
cally connected subgroups. The auditor only needs to focus on the subgroups with very few concepts and
their concepts with semantic type reassignments. The procedure was evaluated by comparing it with a
comprehensive manual audit and it exhibits a perfect error recall.
 2008 Elsevier Inc. All rights reserved.1. Introduction
The Uniﬁed Medical Language System (UMLS) [1] helps health
professionals and researchers to retrieve biomedical information
integrated from a variety of terminology sources. The Metathesau-
rus (META) [2] of the UMLS contains about 1.8 million biomedical
concepts and provides a uniform, integrated distribution format for
more than 100 biomedical source terminologies. The META in-
cludes all relationships present in its source terminologies and
some additional relationships introduced by UMLS editors to con-
nect new concepts that they had to create to disambiguate ambig-
uous concepts. Since the source terminologies might be missing
relationships or contain wrong relationships, the META does not
necessarily include all possible relationships between the concepts
it contains [3]. The use of hierarchical relationships is a primary
feature of the META. Any wrong or missing hierarchical relation-
ships in the META will not only mislead the users of the UMLS,
but may also cause other errors in the META. For example, locating
missing hierarchical relationships may help to expose other kinds
of errors, such as missing lateral relationships, missing or wrong
semantic type assignments, and redundant or ambiguous concepts
[4,5]. Therefore, locating missing hierarchical relationships or cor-
recting wrong hierarchical relationships in the META is an impor-
tant and essential task for the UMLS maintainers.ll rights reserved.In a recent study of UMLS user preferences [6], users ex-
pressed that 35% of a putative UMLS budget should be spent for
auditing (more than for any other task). Users were surveyed
on the degrees to which they were bothered by twelve kinds of
errors. Among the six errors related to missing aspects of a con-
cept, the most concerning one was missing hierarchical relation-
ships. Therefore, it is imperative to audit the META for missing
hierarchical relationships to ensure the overall quality and usabil-
ity of the UMLS.
Due to the extensive size and complexity of the META, auditing
for missing hierarchical relationships is an overwhelming task. It is
helpful if algorithmic techniques are available for identifying a lim-
ited number of concepts with high likelihood of missing hierarchi-
cal relationships. In this way, the ever limited resources of domain
experts and terminology editors can be utilized more efﬁciently for
ﬁnding such errors. To facilitate the auditing task, we describe a
methodology for auditing missing hierarchical relationships by
applying a ‘‘divide and conquer” technique to a collection of small
groups of concepts.
In the META, each concept is assigned one or more semantic
types (STs) of the Semantic Network (SN) [7–9], which provides a
consistent categorization of all concepts in the META. The extent
of a semantic type T is deﬁned as the set of all the concepts as-
signed this ST T. Concepts in the extent of an ST are expected to
have the semantics of that ST. Our group-based auditing method-
ology was designed to audit groups of concepts with the same
semantics at a time. The basic idea is that an auditor who is looking
at a group of (supposedly) similar concepts will ﬁnd it relatively
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cepts warrant a closer look by an auditor, since they have a high
likelihood of an error. Similarly, a concept that is glaringly absent
is more likely to be noticed as missing.
As will be pointed out in Section 2, the extent of an ST is not
necessarily a semantically uniform group of concepts. Thus, in
[10], we introduced a technique in which an extent is partitioned
into several sets of concepts which are semantically uniform. We
call such a set a reﬁned ST extent. In our previous work [10],
incorrect ST assignments were identiﬁed and eliminated from the
reﬁned ST extents. In this paper, the previous auditing methodol-
ogy of [10] is referred to as semantic auditing. This paper builds
on the methodology and on the results of our work in [10].
However, this paper is completely self-contained, and all necessary
results are cited.
In our current methodology, each resulting reﬁned ST extent is
further partitioned into cohesive sets. A cohesive set is deﬁned as a
singly rooted set of concepts connected through hierarchical
relationships (Section 3.1). Hence, for each cohesive set, all con-
cepts are specializations of the root concept. Thus, the concepts
of the cohesive set share a uniform overarching semantics, which
is more speciﬁc than the uniform semantics of being assigned
the same reﬁned ST.
The auditing methodology presented in this paper, which is
called hierarchical auditing, is based on the hypothesis that root
concepts of small cohesive sets with three or fewer concepts have
a higher probability of missing hierarchical relationships than
other concepts. The methodology checks whether root concepts
in each small cohesive set are missing a hierarchical relationship
to a large cohesive set. If a missing hierarchical relationship to an-
other concept in a different large cohesive set is located, the two
concepts will be connected by an added hierarchical relationship.
Furthermore, if a root of a small cohesive set had its ST assign-
ment corrected by the semantic auditing methodology [10], this
may be indicative of a problem. In particular, if a concept was as-
signed a new ST by semantic auditing, this may also indicate a
missing child-of. For example, the concept Mouse Models of Human
Cancer, originally assigned Experimental Model of Disease (EMD),
additionally assigned Neoplastic Process as a result of auditing,
was missing a child-of to Animal Cancer Model.
Note that because of applying our hierarchical auditing meth-
odology to a reﬁned ST extent, the number of cohesive sets in
the reﬁned ST extent will be reduced, since some small cohesive
sets are joined into large cohesive sets.
In this paper, we demonstrate our hierarchical auditing tech-
niques, designed for processing one reﬁned ST extent at a time,
by examining the extents of the reﬁned STs derived from Experi-
mental Model of Disease (EMD) and Environmental Effect of Hu-
mans (EEH) of the UMLS 2006AB version after the semantic
auditing methodology in [10] was applied to them.
2. Background
2.1. The reﬁned semantic network
The META and the SN are components of the UMLS. Each con-
cept in the Meta has been assigned at least one ST to reﬂect its
meaning. In [7], it was stated that ‘‘Semantic types were assigned
to Meta-1 concepts and reviewed in the following manner. First,
where possible, suggested types were assigned algorithmically
using the information available from source vocabularies. Second,
types were reviewed or assigned by subject matter experts. Third,
all assignments were reviewed by a smaller group of NLM and con-
tractor staff, and ﬁnally, all assignments were reviewed and re-
vised by a small team using analyses produced from a relational
version of Meta-1.” In [7] it was also stated that ‘‘Semantic typesare assigned to reﬂect the meaning of terms in their sources.” If
the same term in a source terminology has multiple meanings,
the concept is assigned multiple STs accordingly. ‘‘Sometimes a
single term has different meanings in different sources. In these
cases, the terms are represented as separate concepts in Meta-1,
each with appropriate semantic type.”
All concepts in the extent E(T) of T are expected to exhibit the
same semantics. However, if the extent of an ST contains concepts
which are also assigned other STs, the concepts in the extent may
have different semantics since some concepts will appear in multi-
ple ST extents. For example, in E(EMD), the concept Carcinoma, Le-
wis Lung is assigned EMD and also Neoplastic Process (NP), while
the concept Experimental Lung Inﬂammation is assigned only EMD.
Thus, an extent, such as E(EMD), is semantically non-uniform since
E(EMD) also contains concepts that are in E(NP).
In order to create semantically uniform extents, we introduced
the Reﬁned Semantic Network (RSN) [11,12] in our previous re-
search. Fig. 1 uses a Venn diagram to explain part of the RSN con-
structed for E(EMD) resulting from the semantic auditing in [10].
Each ellipse represents the extent of the semantic type written
above it. Each box represents a concept. An overlapping part of
ellipses represents an intersection of extents of STs.
The RSN is a semantically uniform abstraction network consist-
ing of two kinds of STs: pure STs and intersection STs. Both of these
kinds are called reﬁned STs. A pure ST T0 of RSN is derived directly
from the original ST T of the SN. However, the extent E(T0) of T0 for
RSN is not identical to the extent E(T) of T for SN since concepts in
E(T) which are also assigned any other STs are not in E(T0). Only
those concepts that are not assigned any ST of SN other than T
are still assigned this pure ST T0 of RSN. Those concepts are consid-
ered to have the simple semantics expressed by the pure ST T0. For
example, Experimental Lung Inﬂammation is assigned the pure ST
EMD and has the simple semantics of experimental model of
disease.
An intersection ST is deﬁned for each non-empty intersection of
extents, involving any number of original semantic types. Here, we
are using ‘‘intersection” in the sense of the standard mathematical
notion of set intersection, since extents of STs are deﬁned as sets.
We are using the mathematical symbol \ for intersection semantic
types. A concept originally assigned more than one ST is now as-
signed a unique intersection ST in RSN. A concept with an assign-
ment of an intersection ST is considered to have a compound
semantics. For example, Carcinoma, Lewis Lung is assigned EMD
and Neoplastic Process (NP) of SN. Thus, we say it is assigned an
intersection ST EMD \ NP of RSN and has the compound semantics
EMD \ NP. Therefore, all extents of reﬁned STs are disjoint. Thus,
any auditing process focusing on one reﬁned ST extent at a time
will not encounter the same concept more than once.
There are 31 concepts, which are assigned the pure ST EMD. For
example, in Fig. 2a, we see Experimental Lung Inﬂammation and Dis-
ease Model. There are 33 concepts, which are assigned the intersec-
tion ST EMD \ NP. In Fig. 2a we see, for example, Melanoma,
Experimental and Carcinoma, Lewis Lung. Fig. 2b shows the place-
ment of the intersection ST EMD \ NP in the Reﬁned Semantic
Network.
2.2. Auditing semantic type assignments for a semantic type extent
In principle, a reﬁned ST extent E(T0) is semantically uniform,
since all concepts share the same semantics, either simple or com-
pound, as expressed by their ST assignments. However, some con-
cepts in E(T0) may have been assigned the reﬁned ST T0 by mistake.
If T0 is an intersection ST, various situations may occur: all inter-
sected STs of T0 are assigned to some concept incorrectly; some
intersected STs are wrong for a concept; or some STs may be miss-
ing for a concept. Such errors in the reﬁned ST assignments are
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Fig. 2. Reﬁned STs derived from the semantic type EMD and their IS-A relationships.
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nally created as semantically uniform sets. Rather, they were de-
rived from the original ST assignments, where the extents of the
original STs were not necessarily uniform. In our previous research
[10], we have developed a group-centered approach to facilitate
the task of auditing of ST assignments, concentrating on auditing
of a single ST extent. This methodology applies a ‘‘divide and con-
quer” technique by auditing all the reﬁned ST extents of an original
ST extent separately.The methodology of [10] uses an algorithm to identify suspi-
cious concepts based on the ST assignments of parents and chil-
dren. A suspicious concept is a concept whose ST assignment is
neither the same as its parents’ assignment(s), nor is it the descen-
dant of its parents’ assignment(s). For each reﬁned ST extent, only
such suspicious concepts are audited. By auditing only such suspi-
cious concepts, our methodology concentrates on concepts with
higher probability of having errors. The auditing methodology in
[10] featured a dynamic process, where a re-invocation after the
Table 1
RELA distribution of child-of in the UMLS
RELA # of concepts Label (%)
branch_of 5036 0.42
has_codesystem 1893 0.16
is_a 453,680 37.83
member_of_cluster 2674 0.22
part-of 16,841 1.4
subtype_of 5631 0.47
tributary_of 1502 0.13
null 711,849 59.36
Total 1,199,106 100
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the discovery of suspicious children, which were not initially sus-
picious. This dynamic feature of the methodology enables the audi-
tor to increase the number of errors found with only slightly more
effort.
2.3. Auditing techniques for terminologies
The UMLS is extremely large and exceedingly complex, consist-
ing of over 100 integrated terminologies organized in a two-layer
structure, with the Semantic Network constituting the glue for
these terminologies. Thus it is unlikely that a human reviewer
would be able to locate all or a majority of existing errors, even
when expending signiﬁcant time and effort. However, many sys-
tematic attempts have been made to support error detection in
the UMLS. In our previous paper [10] we presented an extensive re-
view of the literature relevant to auditing of terminologies in gen-
eral and of the UMLS in particular. In the interest of brevity only a
summary will be presented here.
Cimino [4,13] presented methods for detecting classiﬁcation er-
rors in the UMLS. Bodenreider et al. [14–16] investigated redun-
dancy and circularity problems in the UMLS. Redundant semantic
type assignments are forbidden in the UMLS [9]. This issue was
also investigated by Peng et al. [17]. Hole and Srinivasan presented
a method for ﬁnding undetected synonymy in the UMLS [18]. A
number of approaches have attempted to globally improve the
UMLS model by correcting the Semantic Network, as opposed to
making local changes to the Metathesaurus [19–21].
The importance of auditing terminologies has been stressed by
Min et al. [22]. Various auditing techniques have been proposed
and applied to different medical terminologies such as the NCI The-
saurus and the SNOMED [23–29]. Formal tools, such as Description
Logics, have been used successfully towards this end [30–33]. In
[34–38] different techniques have been used to ﬁnd errors in the
Gene Ontology.
2.4. The classiﬁcation algorithm for onotologies
Classiﬁcation is a limited reasoning mechanism that was intro-
duced as part of the KL-ONE family of knowledge representation
systems [39]. A detailed description of the KL-ONE classiﬁer can
be found in [40]. Citing [41], ‘‘Classiﬁcation is the process of taking
a new class description and putting it where it belongs in the class
hierarchy. . . A class is in the right place if it is below all classes that
subsume it and above all that it subsumes.”
Thus, the classiﬁcation algorithm is also referred to as sub-
sumption algorithm. Following [42] ‘‘the classiﬁer for KL-ONE de-
duces that the set denoted by some concept necessarily includes
the set denoted by a second concept but where no subsumption
relation between the concepts was explicitly entered.” In other
words, the classiﬁcation algorithm takes the descriptions of two
concepts as input, for which no ‘‘IS-A relationship” was explicitly
entered by the knowledge base builder, and it determines whether
such an IS-A relationship should hold between those two concepts.
In a landmark paper, reprinted and extended in [43], the
authors analyzed two languages FL and FL- that differ only in one
representational feature. They show that for FL- subsumption can
be computed in polynomial time, while for FL subsumption is
intractable. In other words, there is a fundamental tradeoff be-
tween the number of features a knowledge representation lan-
guage provides (expressibility) and the computability of its
reasoning algorithms, as demonstrated for subsumption. Thus,
the knowledge to which the subsumption algorithm can be ap-
plied, is fairly limited.
Secondly, obtaining the logically precise descriptions of the two
concepts which are used as input to the classiﬁcation algorithm isdifﬁcult for natural (real world) concepts. These two problems
have limited the practical use of the classiﬁcation algorithm
considerably.
The lack of formality of somemembers of the KL-ONE family led
to a general move towards recasting KL-ONE-like structured inher-
itance networks as Terminological Logics [44,45] and subsequently
as Description Logics. Note that [45] is considered the ﬁrst of an
(almost) annual series of Description Logics workshops [46].
The Description Logic Handbook [30] makes it clear that the
subsumption algorithm is still front and center stage in Description
Logics. As [47] writes: ‘‘The basic inference on concept expressions
in Description Logics is subsumption,. . .” Determining subsump-
tion is the problem of checking whether the subsumer is consid-
ered more general than the subsumee. ‘‘In other words,
subsumption checks whether the ﬁrst concept always denotes a
subset of the set denoted by the second concept.” In our approach,
we are compensating for all the limitations of the classiﬁcation ap-
proach by letting a humanmake the subsumption decision at every
stage, while the computer organizes the logical order of these sub-
sumption decisions.
2.5. The child-of relationships in the Metathesaurus
The child-of relationship in the Metathesaurus is an important
hierarchical relationship. Its instances in the UMLS are derived
from corresponding hierarchical relationships in the different
source terminologies of the UMLS [15]. Many instances of the
child-of relationship appear with an additional annotation, such
as is_a, branch_of, member_of or part_of [3]. This label elucidates
the nature of each instance of the child-of relationship. Regrettably,
in many cases (60%) no further information about the child-of
relationship is available, which is indicated by the annotation null.
Table 1 shows the distribution of labels associated with the child-of
relationship in the UMLS. Approximately 38% are labeled with
is_a. These is_a labels are typically derived from well-designed
source terminologies such as the SNOMED, the NCI, etc. and
greatly improve the representation of relationship semantics in
the UMLS.
3. Methods
In the group-based approach underlying our methodology in
[10], we present an auditor with a group of concepts purportedly
exhibiting exactly the same overarching semantics. In this way,
concepts not conforming to the semantics should be readily dis-
cernable. This motif is repeated in the following methods for par-
titioning a reﬁned ST extent into even smaller groups.
3.1. Partitioning of reﬁned ST extent into cohesive sets
As a result of semantic auditing, E(T) will be partitioned into
smaller reﬁned ST extents E(Ti). After semantic auditing, each
456 Y. Chen et al. / Journal of Biomedical Informatics 42 (2009) 452–467E(Ti), for a ﬁxed i, is deemed semantically uniform. To aid in the
further auditing of the concepts of this extent, we will now employ
a second step of our ‘‘divide and conquer” approach.
Even though all concepts of E(Ti), for a ﬁxed i, have the same
semantics, as expressed by the reﬁned ST assignments, the con-
cepts may still differ in their details. For a better comprehension
of the concepts of E(Ti), it would help to further partition this set
into smaller subsets, each of which has a more precise semantics
than the set E(Ti).
To guide us to this more reﬁned partition, we will utilize child-of
hierarchical relationships between concepts of E(Ti). The child-of
relationship is a fundamental feature in the Metathesaurus, which
represents increasing levels of specialization.
Deﬁnition 1 (Descendant-of path). A sequence of concepts P = {c1,
c2, . . . ,cn} of E(Ti) is called a descendant-of path if "j:1 6 j < n, cj is
child-of cj+1.
Note that for n = 2, the descendant-of path consist just of {c1,c2}.
Thus, in such a case, it is the case that c1 descendant-of c2, and c1
child-of c2.
Deﬁnition 2 (Transitive). A relationship R is transitive if whenever
(a R b) and (b R c) are true, it is also true that (a R c).
As a descendant of another descendant is also a descendant,
‘‘descendant-of” is a transitive relationship.
All of the concepts of a descendant-of path are (by transitivity of
the descendant-of relationship) specializations of the last concept cn
of the path.
Deﬁnition 3 (Root concept). A concept r of E(Ti) is a root of E(Ti) if
no parent of r is in E(Ti).
This leads to the central deﬁnition of this section.Sarcoma,
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Fig. 3. Cohesive sets examDeﬁnition 4 (Cohesive set). A set of concepts of E(Ti) is called
cohesive set if it contains a root concept such that all the other
concepts of the set have a descendant-of path directed to the root
concept.
This deﬁnition implies a unique root of a cohesive set. We use
the name ‘‘cohesive set” for this set of vertices since all its concepts
are descendant-of the unique root concept (by transitivity of
descendant-of), that is, all these concepts are specializations of
the root concept. In such a case, we say that all the concepts in
the cohesive set are sharing the semantics of the root concept,
called the overarching semantics of the cohesive set. For example,
there are six cohesive sets, which are enclosed by dashed boxes, in
Fig. 3.
The cohesive set rooted at Neoplasms, Experimental (Fig. 3a) con-
tains 21 concepts at three different layers of the hierarchy. All
these concepts share the overarching semantics of the root Neo-
plasms, Experimental, but with increased specializations. In other
words, all 21 concepts in this set represent experimental cancer
diseases. For example, Sarcoma Avian has both meanings Tumor
Virus Infections and Sarcoma, Experimental, both of which are spe-
cializations of Neoplasms, Experimental.
Deﬁnition 5 (Singleton set). (in E(Ti))): A singleton set is a
cohesive set of one concept called a singleton concept (which is
its root).
In Fig. 3b, cohesive sets 2–6 are singletons.
To summarize, our partitioning technique further divides a re-
ﬁned ST extent into cohesive sets. The cohesive sets are typically
smaller than the original reﬁned ST extent. The cohesive sets help
auditors in orientation to and navigation of a reﬁned ST extent in
the auditing process.Carcinoma,
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disjoint cohesive sets. However, a set of concepts of a reﬁned ST,
which are connected by child-of relationships, may have multiple
roots, in which case, this set of concepts is not a cohesive set. In
this stage of the research, we will assume a partition of the extent
of a reﬁned ST into disjoint cohesive sets. At the end of this section,
we will show how to deal with a set of connected concepts with
multiple roots.
The audit process focuses on cohesive sets with very few con-
cepts. This kind of set represents potential irregularities and has
a high likelihood of errors. The reason is that if a cohesive set exists
due to its legitimate hierarchical relationships and overarching
semantics, then there would probably be at least several concepts
in it. We present the following hypothesis:
Hypothesis 1. The probability of missing hierarchical relationships
for root concepts of small cohesive sets with three or fewer
concepts and especially for singletons is higher than for roots of
larger cohesive sets.
For example, the singletons in Fig. 3b, are likely to erroneously
lack hierarchical relationships to other concepts. Following this
hypothesis, our auditing methodology requires an auditor to man-
ually review the small cohesive sets, which have a relatively high
likelihood of errors. This methodology requires only a limited
amount of time of an auditor. For the example of Fig. 3b, all single-
tons are indeed missing child-of relationships. For example, Sar-
coma, Jensen should be child-of Sarcoma, Experimental and
Experimental Hepatoma should be child-of Neoplasms, Experimental.
Our second hypothesis relates to missing hierarchical relation-
ships for concepts with a wrong ST assignment:(a) Cohesive set A.
(c)  Cohesive set C, which
Fig. 4. Example of integrating two large cohesive sets, whHypothesis 2. The likelihood of a missing hierarchical relationship
is higher for concepts which had a wrong ST assignment than for
concepts which had a correct ST assignment.
The basis for this hypothesis is that an error in an ST assignment
may indicate a misconception or confusion regarding the concept
with that erroneous ST assignment. Such a misconception or con-
fusion may underlie further errors.
3.2. Auditing for missing hierarchical relationships based on cohesive
sets
We partition the t cohesive sets of a reﬁned ST extent into two
groups: k small sets, with up to three concepts in one group, and
t  k large sets, with more than three concepts, in the second
group. The k small cohesive sets are rooted at r1,r2, . . . ,rk, respec-
tively. While rk+1,rk+2, . . . ,rt are the roots of the t  k large cohesive
sets, respectively.
We observed that integrating two large cohesive sets poten-
tially involves the interweaving of their concepts, in a way that nei-
ther of the two hierarchies is preserved as a complete sub-
hierarchy in the resulting integrated hierarchy. Fig. 4 shows an ab-
stract example of integrating two large cohesive sets A and B into a
cohesive set C. None of the child-of relationships in the cohesive set
B is preserved in the integrated cohesive set C, although they are
implied by transitivity. A procedure to handle such a case would
be very complex and is beyond what we suggest in this paper. Thus
we will avoid the integration of two large cohesive sets but focus
on the integration of a small cohesive set into a large cohesive
set. Later we will discuss the integration of two small cohesive sets
that were not integrated into a large cohesive set.(b) Cohesive set B.
 was integrated from cohesive sets A and B.
ich potentially involves interweaving their concepts.
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into an appropriate large cohesive set, if such an appropriate cohe-
sive set exists. The integration of a non-singleton small cohesive
set into a large cohesive set will be discussed later. Remember that
ri, the root of each singleton set, has neither parents nor children in
the extent of the reﬁned ST which we are processing. This method-
ology is performed in a recursive way. Thus, we will describe only
traversing through one level of a large cohesive set. Traversal of
lower levels is implicitly described by the recursion.
In the following description, the root of the large cohesive set, rj
has m (mP 0) child concepts c1,c2, . . . ,cm. The root of a singleton
cohesive set is ri, and the purpose is to ﬁnd whether ri ﬁts into
the cohesive set rj (i.e., is more speciﬁc than rj). If the answer is
‘‘yes,” we continue to check whether it ﬁts into the subhierarchy
of rj rooted at its ﬁrst child c1. Every decision of ‘‘ﬁtting” has to
be made by a human. In case this is indeed true, the process con-
tinues recursively at the children of c1. If the answer is ‘‘no,” the
methodology continues to check all other children cq, 2 6 q 6m,
of rj. If ri does not ﬁt into any of the subhierarchies of the children
of rj, it is added as a new child of rj, since it is more speciﬁc than rj.
We note that ri may be more speciﬁc than several children of rj,
in which case it will be added as a child of several concepts. In such
a case, ri ends up with multiple parents. We also note that if ri is not
more speciﬁc than c1, the methodology checks whether c1 is more
speciﬁc than ri. In such a case, ri is added between rj and c1, as child
of rj and parent of c1.By applying this recursive methodology through all the levels of
the large cohesive set, the process described is similar to the clas-
sical classiﬁcation process used when constructing an ontology, as
described in Section 2.
In addition to the steps in the methodology above, we also
need to check for the ‘‘unusual case” that the root of a large
cohesive set, rj, is more speciﬁc than a singleton concept, ri.
Checking this ‘‘unusual case” will occur in the Procedure Aud-
itingAllHierarchicalRelationships(E(Ti)). Lastly, it is also possible
that ri is not related by a child-of relationship to rj or any of
its descendants. In other words, it is possible that the relation-ship ‘‘is more speciﬁc than” does not exist between ri and rj,
in either direction.
Let us use the singletons in Fig. 3b to demonstrate the above
methodology. Our goal is to check if those singletons ﬁt into the
large cohesive set rooted at Neoplasms, Experimental by applying
the recursive methodology. Here, we will show several scenarios
which are handled by the algorithm: (1) the singleton concept is
added as a leaf child of the root of a large cohesive set; (2) the con-
cept is added as a leaf descendant of a child of the root of a large
cohesive set; (3) the concept is added as a child of multiple con-
cepts; (4) the concept is inserted between two concepts; and (5)
the concept is added as a parent of the root of a large cohesive set.
3.2.1. Adding a concept as a leaf child of the root
The ﬁrst singleton to be audited isMouse Glucagonoma. The root
of the large cohesive set is Neoplasms, Experimental. An auditor
checks whether Mouse Glucagonoma is more speciﬁc than Neo-
plasms, Experimental. The answer is ‘‘yes.” Then the ﬂag inserted
is set to 0 (line 6), indicating Mouse Glucagonoma has not been in-
serted into the large cohesive set. The recursive call is applied to
the 10 children of Neoplasms, Experimental (Fig. 3a) one by one
(lines 7–8).
We ﬁnd that Mouse Glucagonoma is not more speciﬁc than any
of the children. We then check whether any of the 10 children of
Neoplasms, Experimental are more speciﬁc than Mouse Glucagon-
oma. The answer is again ‘‘no.” Therefore, lines 9–13 are not exe-cuted in this case, and the ﬂag inserted remains 0. The recursive
calls exit at the ﬁrst level of children. Since the ﬂag inserted is 0
(line 14), Mouse Glucagonoma is added to the cohesive set as a leaf
child of Neoplasms, Experimental.
3.2.2. Adding a concept as a leaf descendant of a child of the root
When auditing the second singleton Sarcoma, Jensen, we ﬁnd
that it is more speciﬁc than Neoplasms, Experimental. We set the
ﬂag inserted to 0 and then check whether it is more speciﬁc than
any children of Neoplasms, Experimental (line 2). Thus, Sarcoma, Jen-
sen is recursively compared with all 10 children of Neoplasms,
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more speciﬁc nor more general than Sarcoma, Jensen. The recur-
sions exit when applied to those children.
When compared with Sarcoma, Experimental; Sarcoma, Jensen is
more speciﬁc. Therefore, recursive calls are applied to the children
of Sarcoma, Experimental (Fig. 3a). However, none of these children
is either more speciﬁc or more general than Sarcoma, Jensen which
is inserted as a child of Sarcoma, Experimental. Using the same
methodology, Sarcoma, Jensen is compared with the rest of the chil-
dren of Neoplasms, Experimental. But no other child is found that is
more speciﬁc or less speciﬁc than it.
3.2.3. Adding a concept as a child of multiple concepts
When auditing the third singleton Rous Sarcoma, we ﬁnd that it
is more speciﬁc than Neoplasms, Experimental. We check if it is still
more speciﬁc than any children of Neoplasms, Experimental. Thus,
Rous Sarcoma is recursively compared with all 10 children of Neo-
plasms, Experimental. Rous Sarcoma is more speciﬁc than Tumor
Virus Infections, therefore, it is compared with the only child, Sar-
coma, Avian, of Tumor Virus Infections. The recursion is complete.
Since Rous Sarcoma is neither more speciﬁc nor more general than
Sarcoma, Avian, it is thus added as a direct child of Tumor Virus
Infections. For the rest of the children of Neoplasms, Experimental,
Rous Sarcoma is more speciﬁc than Sarcoma, Experimental. Then,
recursive calls are applied to the ﬁve children of Sarcoma, Experi-
mental including Sarcoma, Jensen, added earlier. However, none of
those children is either more speciﬁc or more general than Rous
Scarcomawhich is added as a child of Sarcoma, Experimental. In this
scenario, Rous Sarcomawill have two parents Tumor Virus Infections
and Sarcoma, Experimental.
The process for integrating the remaining two singletons in
Fig. 3b depends on the order in which these singletons are selected
as input. For example, if Experimental Hepatoma will be considered
ﬁrst, then Experimental Hepatoma is added as a leaf child of the root
Neoplasms, Experimental (Scenario 1) followed by adding the leaf
Hepatoma, Morris as a child of a child (Experimental Hepatoma) of
the root (Neoplasms, Experimental (Scenario 2)). However, if Hepa-
toma, Morris is selected as an input before Experimental Hepatoma,
adding Hepatoma, Morris follows the case of adding as a leaf child
of the root (Scenario 1), but adding Experimental Hepatoma be-Sarcoma,
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Fig. 5. Audited hierarchical relationscomes complicated. It needs to be inserted between Hepatoma,
Morris and Neoplasms, Experimental, since Experimental Hepatoma
is more speciﬁc than Neoplasms, Experimental, but more general
than Hepatoma, Morris, as will be discussed next.
3.2.4. Inserting a concept between two concepts
Suppose Hepatoma, Morris is added before Experimental Hepa-
toma as a child of Neoplasms, Experimental. The recursive method-
ology is applied here for inserting Experimental Hepatoma. As
Experimental Hepatoma is more speciﬁc than Neoplasms, Experimen-
tal, it is compared with all 11 children (including the added Hepa-
toma, Morris) of Neoplasms, Experimental. All the recursive calls exit
at the ﬁrst level, since Experimental Hepatoma is not more speciﬁc
than any of those 11 concepts. When each recursive call exits, a
test is performed whether any of the 11 children is more speciﬁc
than Experimental Hepatoma, and only Hepatoma, Morris is. There-
fore, Experimental Hepatoma is inserted between Hepatoma, Morris
and Neoplasms, Experimental.
After auditing the hierarchical relationships, one cohesive set,
consisting of all the cohesive sets from Fig. 3, is shown in Fig. 5.
Broken lines represent the missing hierarchical relationships
added after applying the procedure AuditingHierarchicalRelation-
ships to integrate each singleton set into the cohesive set rooted
at Neoplasms, Experimental.
As mentioned earlier, a connected component of a reﬁned ST
extent may have several roots. In such a case it is not a cohesive
set which by deﬁnition has only one root. For such a set, one can
add an artiﬁcial root ‘‘Thing” to be the parent of all the roots of
the extent and then can apply the AuditingHierarchicalRelation-
ships(ri, Thing) procedure. Note that since our procedure allows
an added singleton concept to become a child-of several concepts,
the new singleton may be a descendant of several original roots.
Fig. 6a and b show the before and after situation for integrating a
singleton set rooted at x into a multi-rooted set rooted at a and
b, respectively. An artiﬁcal root ‘‘Thing” is added before the proce-
dure AuditingHierarchicalRelationships(x, Thing) is called.
We have described the procedure AuditingHierarchicalRelation-
ships(ri, rj) and demonstrated it by illustrating several common sce-
narioswhen integrating a singleton intoa large cohesive set.Nowwe
are presenting the AuditingAllHierarchicalRelationships(E(Ti)) pro-Carcinoma,
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cohesive set and any large cohesive set.Weﬁrst split the non-single-
ton small cohesive sets into singletons, inserting their concepts into
the large cohesive sets (withmore than threeconcepts) oneat a time.
The reason for splitting a small cohesive set into singleton concepts
for the purpose of its integration into a large cohesive set is that, as
we saw in the example of Fig. 4, the small cohesive set hierarchy is
not necessarily preserved as iswhen integrated into a large cohesive
set. Hence, if we try to integrate it as a unit, its integration procedure
will be complex. But by splitting its concepts into singletons and
integrating them one by one, the complex integration process will
be divided into several simple integrations utilizing the AuditingHi-
erarchicalRelationships(ri, rj) procedure. As is shown in the example,
if the small cohesive set would appear in the integrated cohesive set
as a subhierarchy preserving the original child-of relationships, the
same situation will be obtained by the repeated insertion of its con-
cepts as singletons.
For each singleton rooted at rh, we start with checking the ‘‘unu-
sual case” that a large cohesive set rj is more speciﬁc than a single-
ton rh, in which case, we make rj child-of rh (and thus rh becomes
the new root of this large cohesive set). If rj is more general than
rh, we check whether rh ﬁts into the large cohesive set rooted at
rj by calling the AuditingHierarchicalRelationships(rh, rj) proce-
dure. If rh is neither more general nor more speciﬁc than rj, we con-
tinue to check the next cohesive set.Our procedure does not check whether there are missing
hierarchical relationships between two singleton concepts (or
between a concept of a small non-singleton cohesive set and a
singleton concept.) We will now discuss the ﬁrst case. When
the application of the procedure is complete, it is possible that
some hierarchical relationships are missing among singleton
concepts. To identify all those missing hierarchical relationships,
if there are still some singletons left after checking whether each
singleton ﬁts into some large cohesive sets, we will look for a
missing hierarchical relationship between any two such single-
tons in both directions. Similarly, we will try to insert every sin-
gleton into every non-singleton small cohesive set. For the case
of two small non-singleton sets, we separate one of them into
singletons and then try to integrate these singletons into the
other small cohesive set, similar to integration into a large cohe-
sive set, discussed earlier. Finally, we note that if we try to inte-
grate pairs of small cohesive sets before trying to integrate them
into the large cohesive sets, the integrated (still relatively small)
cohesive set would be harder to integrate into a large cohesive
set. Thus we follow the order of integration as presented.
Finally, we need to prove that the resulting hierarchy is inde-
pendent of the order in which we were considering various single-
ton concepts. This is a straightforward fact when two singletons
end up in two independent branches of the hierarchy. However,
it is not so clear when one is a parent or an ancestor of the other
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let us consider an abstract example of two singletons x and y, such
that an expert determines that y is more speciﬁc than x. Suppose
also that the given hierarchy is rooted at concept a which has a
concept b as child-of a. Furthermore, we assume that each of the
concepts x and y is more speciﬁc than a and more general than b.
Fig. 7a and b show the relative situation of these four concepts be-
fore the integration of the singletons and after inegration.
We need to show that for either order of processing the single-
tons x and y, the ﬁnal hierarchy will be as shown Fig. 7b. Let us as-
sume ﬁrst that x is processed before y. When x is considered for
integration, it is found to be more speciﬁc than a but more general
than b. Thus it is added between a and b to yield the hierarchy in
Fig. 8. When y is considered later (not necessarily immediately
after x), it is considered for integration in the hierarchy of Fig. 8.
Now y is found to be more speciﬁc than a, and more speciﬁc than
x, but more general than b. Thus it is added between x and b to
yield the hierarchy of Fig. 7b.
Now let us consider the alternative case where y is considered
for integration into the hierarchy of Fig. 7a, before x. When y is
compared to a, it is found to be more speciﬁc and when it is com-
pared to b, it is found to be more general. Thus, y is added between
the concepts a and b and yielding the hierarchy of Fig. 9. Later (not
necessarily immediately) the concept x is considered for integra-
tion into the hierarchy of Fig. 9. It is compared to a and found to
be more speciﬁc. Then is compared to y which is the child-of a in
Fig. 9 and it is found to be more general (according to the assump-a
b
x
(a) Before integration (b) After integration
y
a
b
x
y
Fig. 7. Before and after integrating the singletons x and y into a hierarchy rooted at
a.
y
a
b
x
Fig. 8. The hierarchy after adding x when x is considered before y.
x
a
b
y
Fig. 9. The hierarchy after adding y when y is considered before x.tion made originally about the relationship between x and y.) Thus,
x is added between a and y to yield the hierarchy of Fig. 7b. Hence
the same hierarchy (of Fig. 7b) is obtained independent of the or-
der of processing the insertion of the singletons x and y.
We note that such a situation occurs for the extent of
EMD \ NP, regarding the concepts Hepatoma, Morris and Experi-
mental Hepatoma as described earlier for the case of inserting a
concept between two concepts. Other more complex conﬁgura-
tions can occur. For example, there may be a concept in the hier-
archy which is more speciﬁc than a but more general than b.
Another possibility is that there may be an additional concept
c which is also more speciﬁc than a but independent of b. Such
a situation occurred, for example, when concept Hepatoma
Novikoff was added to the above two concepts. For such a conﬁg-
uration, the proof that the same hierarchy will result, indepen-
dent of the order of considering the singletons, is very similar
to the proof given above.
4. Results
We have chosen to demonstrate our partitioning and auditing
techniques for the extents of Experimental Model of Disease
(EMD) (representation in a non-human organism of a human dis-
ease for the purpose of research into its mechanism or treatment)
and Environmental Effect of Humans (EEH) (change in the natu-
ral environment that is a result of the activities of human beings) of
the UMLS 2006AB version.1
4.1. Auditing the extent of Experimental Model of Disease
4.1.1. Partition of reﬁned ST extent into cohesive sets
Figs. 10 and 11 show the hierarchies of the extents of the re-
ﬁned STs EMD and EMD \ Neoplastic Process after applying
semantic auditing [10] with 23 and 14 cohesive sets respectively.
There are 23 cohesive sets in Fig. 10, a large cohesive set containing
eight concepts, one cohesive set containing three concepts and 21
singletons. According to Hypothesis 1, the roots of these 22 cohe-
sive sets with three or fewer concepts are likely missing hierarchi-
cal relationships. Therefore, the auditing for missing hierarchical
relationships is focused on these 22 small cohesive sets.
The procedure AuditingAllHierarchicalRelationships(E(Ti)) was
ﬁrst applied to the extent of the pure ST EMD. In Fig. 10, there is
one cohesive set rooted at Transgenic Model containing three con-
cepts. According to the methodology, this cohesive set is split into
three singletons. Therefore, after the split, there are 21 + 3 = 24 sin-
gletons in E(EMD). Then we check whether each of these 24 single-
tons ﬁts into the large cohesive set starting at the root concept
Animal Disease Models.
Eleven concepts are added as leaf children of the root Animal
Disease Models, since they are more speciﬁc than Animal Disease
Models, but none of the eleven is more speciﬁc than or more gen-
eral than any of the children of Animal Disease Models (see
Fig. 12). Five additional concepts are added as leaf descendants
of children of the root Animal Disease Models, see Fig. 12.
4.1.2. Adding a concept as parent of the root
The singleton concept Disease Model is more general than the
root of Animal Disease Models of the large cohesive set. This is a case
of the procedure AuditingHierarchicalRelationships(ri, rj) not dem-
onstrated in Section 3.2. Thus, a child-of relationship is added from
Animal Disease Models to Disease Model. After the root has been
changed to Disease Model, the singletons rooted at Rodent Model,1 The use of this version is due to the use of the results of [10] in this paper, which
used that version.
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serted as leaf children of the new root.
The cohesive set rooted at Transgenic Model is split into sin-
gletons and each concept is considered for insertion from top
to bottom. Therefore, the addition of the ﬁrst of these three sin-
gleton concepts, Transgenic Model, follows the steps of adding a
leaf child of the root, while the other two are added as leaf
descendants of a child of the root. As a consequence, the original
cohesive set of three concepts appears as a whole, under Disease
Model (see Fig. 12). In total, 21 missing hierarchical links were
added in E(pure ST EMD) and one cohesive set (Fig. 12) is
obtained.
Among the 13 cohesive sets in E(EMD \ Neoplastic Process)
(see Fig. 13), there is one large cohesive set with 21 concepts,
and there are 12 singleton cohesive sets. Therefore the auditing ef-
forts concentrated on these 12 singleton concepts.
In a process similar to the auditing of E(pure ST EMD), the
procedure AuditingAllHierarchicalRelationships(E(Ti)) is applied
to E(EMD \ Neoplastic Process). Five concepts are added as
leaf children of the root Neoplasm, Experimental. Six concepts
are added as leaf children of the descendants of the root. As
was demonstrated in Section 3.2, one concept, Rous Sarcoma,
appears as a child of multiple parents. In total, 13 hierarchical
links are added, as shown in Fig. 13, and as a result all con-
cepts in the extent of E(EMD \ Neoplastic Process) are
connected.
To evaluate the hypotheses on auditing of hierarchical relation-
ships for the EMD extent, we conducted an independent, exhaus-tive review by looking for missing hierarchical relationships
among all pairs of cohesive sets, and only the same 13 hierarchical
links were added.
4.2. Auditing the extent of EEH
4.2.1. Partition reﬁned ST extent into cohesive sets
We also performed an audit of EEH. After performing semantic
auditing [10], there were 21 cohesive sets for the reﬁned ST EEH,
among which 20 were singletons. As a result of hierarchical audit-
ing, we added six child-of relationships. For example, Thermal
Water Pollution is more speciﬁc than Water Pollution. Therefore, a
child-of was added to establish the hierarchical relationship be-
tween these two concepts. Environmental Sludge and Atmospheric
Pollutionwere singletons. They are kinds of Environmental Pollution,
just as their counterparts, such as Indoor Pollution. Pollutant Trans-
port and Contaminant Transport are speciﬁcations of Environmental
Transport. Therefore, proper child-of links were established. Noise,
Transportationwas a singleton, which missed a child-of link to Noise
Pollution, and the hierarchical link was added. No hierarchical rela-
tionships were added for the reﬁned STs EEH \ Hazardous or Poi-
sonous Substance, EEH \ Substance and EEH \ Quantitative
Concept.
To evaluate the hypotheses on auditing of hierarchical relation-
ships for the EEH extent, an independent, exhaustive review was
conducted by checking for missing hierarchical relationships
among all pairs of cohesive sets. Only the same six hierarchical
relationships were found missing.
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5.1. Evaluation
In order to evaluate the auditing results obtained by our meth-
odologies, we applied them to two different STs with small extents,
EMD and EEH. To measure the performance of our methodology,
we conducted a comprehensive manual audit for each of the two
tasks for the two STs. With respect to the extents of the reﬁned
STs of EMD, the pure EMD and the intersection EMD \ NP, a recall
of 1.0 was achieved for ﬁnding missing hierarchical relationships in
the whole extent of EMD. In fact, when the process was completed
there were two cohesive groups, one for each reﬁned ST, connect-
ing all the previously isolated smaller cohesive groups. No multiple
parents were found in the manual review. Similiar results were
found for EEH-related extents. The recall was also 1.0.
The results for EMD show that the recall for the roots of small
cohesive sets missing hierarchical relationships predicted by
Hypothesis 1, is 1.0. Among the two roots of the large cohesive sets,
one (50%) - Animal Disease Model - was missing a hierarchical rela-
tionship. Among the 34 small cohesive sets (22 for the pure EMD
extent and 12 for the EMD \ NP extent) all were missing hierarchi-
cal relationships. (One concept, Rous Sarcoma, missed two hierar-
chical relationships). Hence for the EMD extent, 100% of the
roots of the small cohesive sets were missing hierarchical relation-
ships. The results for the STs of EMD conﬁrmed Hypothesis 1 that
the probability of missing hierarchical relationships for roots of
cohesive sets is higher in small cohesive sets with three or fewer
concepts (100%), than in large cohesive sets (50%). For the EEH ex-
tent, 30% (6/20) of the roots of the small cohesive sets missed hier-
archical relationships. No missing hierarchical relationships were
found from the large cohesive set, also conﬁrming Hypothesis 1.For Hypothesis 2, only E(EMD \ NP) can provide data, since, for
all the concepts in E(pure EMD) there were no changes of their ST
assignments. For EMD \ NP, there were six concepts with missing
hierarchical relationships among the seven concepts with errone-
ous ST assignments (84%), versus six concepts with missing hierar-
chical relationships (one missing two such relationships), among
26 concepts with correct ST assignments (23%). The EEH extent
does not provide data for Hypothesis 2. The reason is that for all
the concepts in E(pure EEH) there were no changes of their ST
assignments. No missing hierarchical relationships were identiﬁed
in the other reﬁned extents of EEH: E(EEH \ Substance) and
E(EEH \ Hazardous or Poisonous Substance).
Hence, only the results for EMD supported Hypothesis 2 about
an expected higher likelihood of missing hierarchical relationships
for concepts with erroneous ST assignments. The data on EMD
show that ST assignment errors tend to expose other errors as well.
However, the evidence for Hypothesis 2 is weak, as it occured only
for one of the several reﬁned STs. More studies are needed to assess
Hypothesis 2.
5.2. Implementation
The ST assignments for UMLS concepts are an artifact created by
the NLM when integrating various source terminologies [48].
Hence, the NLM is the only organization responsible for the assign-
ments and has no outside constraints preventing it from correcting
wrong assignments. However, there are few possible ways for han-
dling missing child-of relationships. If both child and parent con-
cepts appear in the same source terminology, then it is possible
to communicate the correction of adding the hierarchical relation-
ship to the organization maintaining this source terminology. For
other cases, only the NLM can add such a relationship.
Y. Chen et al. / Journal of Biomedical Informatics 42 (2009) 452–467 465In Table 2, all the missing child-of relationships we identiﬁed for
the concepts assigned EMD are listed. For both the child and the
parent their source terminologies are listed. For 16 (highlighted)
out of 26 concepts, both child and parent appear in the MESH
[49] source terminology. Thus, these results can be submitted to
the MESH editor suggesting to add the missing child-of relation-
ships. The corrections in the MESH terminology would then prop-
agate to future releases of the UMLS. One missing child-of appears
between two concepts from the NCI [50] source terminology. This
can be corrected by an NCI editor. The remaining nine cases are be-
tween concepts from different source terminologies. For EEH only
one child-of is missing between two concepts of the source termi-
nology MESH, from Thermal Water Pollution to Water Pollution.
Hence, a side effect of such an auditing effort is that missing hier-
archical relationships can be corrected in UMLS source terminolo-
gies as well.
5.3. Limitations
The methodology of hierarchical auditing presented in this pa-
per, was tested for two STs of small extents. Experiments with
more STs with larger extents are needed to conﬁrm the general
applicability of the methodology. Such experiments will also pro-
vide more information about the recall obtained by the methodol-
ogy. In general, we cannot expect the perfect recall obtained for our
two test STs.
We limited our research to the child-of hierarchical relation-
ships, which are marked as CHD/PAR in the MRREL ﬁle. The reason
is that they are more reliable than the narrower/broader relation-
ship, which is marked as RN/RB in the MRREL ﬁle, since the ﬁrst
kind is given as hierarchical relationship in its source terminology,
while the second kind lacks such a designation in the source termi-
nology [15]. Also, due to the very general interpretation of the nar-
rower/broader relationships it is difﬁcult to determine when such a
relationship is truly missing.
When partitioning the extent of a reﬁned semantic network
into singly rooted cohesive sets, we may encounter a problem ifTable 2
Missing hierarchical relationships between EMD concepts (and the concepts’ source term
Concept Source(s)
EMD (pure ST)
Alloxan diabetes MSH
Animal disease models MSH, MTH
Arthritis, Adjuvant-induced MSH
Arthritis, Collagen-induced MSH
Experimental autoimmune myasthenia gravis, Passive transfer MSH
Experimental autoimmune myasthenia gravis, Passive transfer MSH
Experimental high pressure neurological syndrome MSH
Experimental lung inﬂammation MSH, MTH
Experimental pneumococcal meningitis MSH
Hypokinesia, Experimental MSH
No-rodent model NCI
Rodent model NCI
Streptozotocin diabetes MSH
Transgenic model NCI
Xenograft model NCI
EMD \ NP (intersection ST)
Experimental Hepatoma MSH
Hepatoma, Morris MSH
Hepatoma, Novikoff MSH
Mouse choroid plexus carcinoma MTH, NCI
Mouse choroid plexus papilloma MTH, NCI
Mouse glucagonoma MTH, NCI
Mouse models of human cancer NCI
Rous sarcoma NCI, MSH
Rous sarcoma NCI, MSH
Sarcoma, Engelbreth-Holm-Swarm MSH
Sarcoma, Jensen MSHa cycle of child-of relationships exists. Such a cycle may occur in
the UMLS due to the integration of hierarchical relationships from
various source terminologies that are not necessarily consistent
with one another. In [15,16] algorithms are presented for detection
and elimination of circular hierarchical relationships in the UMLS.
In case we encounter such cycles, we will apply the techniques of
[15,16] to eliminate them before the partition into singly rooted
cohesive sets.
Another issue resulting from the UMLS being an integrated ter-
minological system of many sources is that the same concept may
have different meanings in different sources. Thus when consider-
ing a missing child-of relationship, the consideration should be
source sensitive for the meaning of both parent and child of this
potential, missing child-of relationship.
5.4. Auditing for wrong hierarchical relationships
As we saw in Section 3.2, concepts with erroneous semantic
type assignments are more likely than other concepts to lack hier-
archical relationships. A natural question is: Do such concepts also
have higher likelihood of wrong hierarchical relationships? If such
a hypothesis could be conﬁrmed, then one could audit for wrong
hierarchical relationships by concentrating only on the concepts
with corrected ST assignments. This would limit the auditing effort,
while correcting a relatively high percentage of wrong hierarchical
relationships.
The procedure in [10] for checking ST assignments of concepts
consists of two parts. First, we determine algorithmically whether
the ST assignment is suspicious. The assignment of a concept c is
suspicious if it has a parent concept p with an assignment of an
ST Z, such that c is neither assigned Z nor a descendant of Z.
The human auditor reviews only the suspicious ST assignment
of the concept c. We now consider whether the auditor should
also review the child-of relationship from c to p in case that the
ST assignment of c is indeed wrong or missing an extra ST. The
motivation for such a review is that a wrong or missing ST assign-
ment for c may hint at a misconception regarding the modeling ofinologies)
Parent Source(s)
Diabetes mellitus, Experimental MSH, NDFRT
Disease model MTH
Arthritis, Experimental MSH
Arthritis, Experimental MSH
Myasthenia gravis, Autoimmune, Experimental MSH, NDFRT
Animal Disease models MSH, MTH
Animal disease models MSH, MTH
Animal disease models MSH, MTH
Animal disease models MSH, MTH
Animal disease models MSH, MTH
Disease model MTH
Disease model MTH
Diabetes mellitus, Experimental MSH, NDFRT
Disease model MTH
Disease model MTH
Neoplasms, Experimental MSH, NDFRT
Hypokinesia, Experimental MSH
Hypokinesia, Experimental MSH
Neoplasms, Experimental MSH, NDFRT
Neoplasms, Experimental MSH, NDFRT
Neoplasms, Experimental MSH, NDFRT
Animal cancer model NCI
Tumor virus infections MSH, NDFRT
Sarcoma, Experimental MSH, NDFRT
Sarcoma, Experimental MSH, NDFRT
Sarcoma, Experimental MSH, NDFRT
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ent for c.
On the other hand, the expectation for a subtype relationship
between the STs of c and p is based on the assumption that p is in-
deed a parent of c. In such a case, there is no motivation for audit-
ing c for a wrong parent. The only case for which it is justiﬁed to
audit c for a wrong parent, after the ST assignment of c was cor-
rected, is that both p is a wrong parent for c and the STs assigned
c and p are not in a subtype relationship. That is, although the ex-
pected subtype relationship between the STs assigned c and p is
not justiﬁed, nevertheless its absence leads to the correction of
the ST of c.
We realize that once there is an error in modeling a concept,
reﬂecting some misconception, it may indicate more errors regard-
ing this concept, even in unexpected ways. Before we recommend
that an auditor check the parent for every concept c, the ST assign-
ment of which was corrected by the procedure of [10], we would
like to estimate how many wrong hierarchical relationships could
be found this way. In an exhaustive review, we found only one
example for such a case in EMD. The child-of relationship from
Genetically Engineered Mouse (reassigned from EMD to Mammal),
originally directed to Organism Modiﬁcation (assigned Research
Activity), was indeed redirected in release 2006AD to Laboratory
Animal (also assigned Mammal).
Three such cases were found for EEH. For example, Sewage is
currently a child-of both Waste Product and Waste Management.
According to its deﬁnition, ‘‘Refuse liquid or waste matter carried
off by sewers,” Sewage should only be a child-of Waste Product,
but not the management of waste. Therefore, the child-of directed
to Waste Management should be removed. For details on all four
cases from both EMD and EEH, see Table 3.
Another place where to search for wrong child-of relationships
is among suspicious concepts which were not corrected. That is,
the STs of c and p are not in a subtype relationship, but the seman-
tic type of cwas found to be correct. One may wonder whether p is
a wrong parent for c, i.e., there is a wrong child-of relationship. We
reviewed all such cases for both the EMD and the EEH extent, but
did not ﬁnd any wrong child-of relationships.
Due to the low success rate of the ﬁrst technique (only four
wrong child-of relationships found) and no success at all of the sec-
ond technique, we conclude that those are not likely fertile proce-
dures for auditing child-of relationships. More experiments with
other STs may change this judgement. More research is needed
to ﬁnd a technique to identify hierarchical relationships which
are suspicious and have a high probability of being wrong.
6. Conclusions
We presented a hierarchical auditing paradigm for the UMLS
that is based on groups of concepts which have exactly the same
correct semantic type assignments. The uniform groups of con-
cepts are further partitioned into cohesive sets. In a cohesiveTable 3
Cases of wrong child-of relationships
Concept Current parent(s) New parent (s)
PBC airborne level Air pollution (SNOMED)
speciﬁc occupational
equipment and hazards (SNOMED CT)
Level
Second hand cigarette
smoke
Smoke (SNOMED) natural physical
forces (SNOMED CT)
Smoke
Sewage Waste product (MESH) Waste
management (MESH)
Waste product
Genetically engineered
mouse
Organism modiﬁcation (NCI) (06AB) Laboratory
animal (NCI)set, one special concept, the root, is reachable from every other
concept by a chain of child-of links. The root itself does not have
any child-of links to other concepts within the same extent. We
have developed a recursive methodology which allows a human
expert, with the support of an algorithm, to combine pairs of
cohesive sets into a smaller number of cohesive sets by inserting
missing child-of links. The resulting structure will be a tree or a
Directed Acyclic Graph (DAG). It is not always possible to com-
bine all concepts of a group into a singly rooted DAG. However,
in the paper, it was shown how to modify our methodologies
for a multi-rooted, connected set. Two hypotheses were formu-
lated to express the efﬁciency of our technique. Our methodolo-
gies were demonstrated with the extents of the two semantic
types Experimental Model of Disease and Environmental Effect
of Humans. We found that 21 hierarchical relationships were
missing in the pure ST Experimental Model of Disease extent
and 13 in the interesection ST Experimental Model of Dis-
ease \ Neoplastic Process extent. Six missing hierarchical rela-
tionships were identiﬁed in the pure ST Environmental Effect
of Humans extent. All those missing hierarchical relationships
were found from the roots of the small cohesive sets. Missing
hierarchial relationships occured for 84% of the concepts with
ST mis-assignments, but only for 23% of the concepts with correct
ST assignments. Thus the hypotheses were supported by the re-
sults with the two semantic types, Experimental Model of Dis-
ease and Environmental Effect of Humans.
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